Advances in the care of persons living with HIV (PLWH) and improvements in clinical outcomes over the last two decades have been substantial. In the early days of antiretroviral treatment (ART), treatment success was challenging due to high pill burdens, toxicities, drug interactions and viral resistance. These factors drove the development of simplified and well-tolerated single-tablet regimens, and clinical studies that supported earlier treatment. Basic HIV-related research has also driven seminal discoveries in retroviral biology and human immunology, and has led at least one proof-of-concept example [1] to explicit discussions [2] and early-stage clinical trials [3] of strategies to cure HIV infection. Despite scientific progress and justifiable optimism, many PLWH in diverse global settings do not fully realize the benefits of ART, and many who achieve virologic suppression with ART still suffer from prior and current ART toxicity, as well as persistent immune dysregulation [4, 5] . The opportunity for precision medicine to improve HIV care is still highlighted by the inconsistent access to and success of treatment, and in manifestations of these sequelae of infection, treatment and non-HIV co-morbidities across populations. In addition, personalized approaches are relevant to new frontiers of HIV science that include developing an effective preventative vaccine as well as a curative intervention.
Categories & priorities of precision HIV care
To expand precision HIV care beyond pharmacogenetics, it is helpful to consider domains not typically viewed as part of 'personalized medicine'. This is especially true for basic science research given the recent discovery and development of cutting-edge technologies that have shed new light on virus and host biology, such as CRISPR/Cas9 [9] . Fundamental research into HIV is by nature 'precise' in its focus on viral or immunologic molecular mechanisms. Using viral gene variation to guide decision-making and precision care where resources allow is well established in HIV care [10] . Translational and clinical approaches to precision HIV care will be enhanced by collaborative, transdisciplinary, hypothesis-testing research. For example, studies to understand HIVmediated immune activation and inflammation can lead to new interventions that target interindividual differences in these responses and/or end-organ phenotypes. A multidisciplinary program in precision HIV care might include a population-to-bench-to-bedside approach that incorporates epidemiologic observations and expected implementation needs, together with laboratory experiments focused on design of targeted interventions. Examples have included observations regarding the aforementioned CCR5 that led to new understanding of pathogenesis as well as development of a therapeutic CCR5 antagonist. Studies in basic immunology fostered new hypotheses, translational discoveries and ultimately clinical trials and cost-effectiveness analysis of HLA-B*57:01 screening to prevent abacavir hypersensitivity reactions. These are 'gold-standard' precision HIV care approaches. Challenges remain in areas where genetic risk factors are not 'monogenic' (as with CCR5 homozygous allele variation), or where the predictive value of genetic testing is far less than 100%. These prototypical examples also contrast with a vision of precision HIV care that moves beyond host genetics.
Responding to old questions about precision HIV care
As a framework to consider successes, gaps and future directions for precision HIV care, we use the framework of questions regarding personalized medicine posed by Joyner and Paneth in 2015 [11] . In the following sections, we attempt to answer select questions from that Viewpoint article, and reframe them in the context of personalized HIV care. Responses to these questions are also relevant for considering precision healthcare beyond HIV.
Can precision HIV care predict disease risk?
The answer is 'yes'. For example, a subgroup of individuals who are highly resistant to acquiring HIV was identified more than 20 years ago [12] . These persons remained uninfected despite repeated HIV exposures due to homozygosity for a shared CCR5 32 base-pair deletion [8] . Rates of progression to AIDS with untreated HIV infection have been associated with other immunogenetic variants, including specific HLA and KIR types as well as heterozygosity for CCR5 32 [13] .
Will precision HIV care include gene-based drug targeting & development?
This answer is also 'yes'. Following discovery of the CCR5 32 polymorphism described above, drugs were developed to block HIV access to the CCR5 molecule on host cells. This ultimately resulted in the US FDA-approved CCR5 entry inhibitor, maraviroc. Of note, the only known cure of established HIV infection to date was in Timothy Brown ('the Berlin patient'), following treatment of his leukemia with bone marrow transplantation from a specifically chosen CCR5 32 donor in 2007 [1] . The ability of abacavir to be widely prescribed for HIV was possible only by coupling this drug with genotyping to exclude the presence of HLA-B*57:01 [7] .
How will electronic medical records contribute to precision HIV care? This question has been partially answered. Electronic medical records have contributed substantially inasmuch as observational HIV outcomes research in resource-rich countries has been driven by collaborative analyses of retrospective cohort-based data. In HIV research, there is a long tradition of single-site, multisite and even multicountry cohort consortia to address outcomes of HIV infection, its therapy and complications, which has often depended on data extracted from electronic medical records. These studies have shaped our understanding of predictors of outcomes in populations with HIV and provided a foundation for precision HIV care.
What kinds of studies should be performed in the future to address gaps in precision HIV care? This question has as many answers as there are stakeholders. The HIV basic scientist may see fundamental mechanistic studies as critical to understand the biology that underlies interindividual variability. The HIV clinician may argue that definitive clinical efficacy trials of precision HIV care strategies are the sine qua non. The HIV implementation scientist may envision pragmatic trials as the gold standard to affirm feasibility of precision HIV care interventions. The public health practitioner may favor studies demonstrating population-level benefits of precision HIV care approaches. Policy makers may ask for cost-effectiveness analyses to assess the impact of precision HIV care on the overall healthcare system or society. All of these responses are valid and will lead to a more comprehensive understanding of precision HIV care, including its feasibility and challenges. PLWH and other community-based stakeholders might answer the question differently. In a community engagement studio for the Tennessee Center for AIDS Research, organized by the Meharry-Vanderbilt Community Engaged Research Core, community members primarily asked questions about how to raise awareness and communicate expectations about precision HIV care, and how to ensure privacy and confidentiality in precision HIV care research. We conclude that to best address gaps in precision HIV care, future studies should have multidisciplinary leadership that includes community representatives, and address multiple needs at once. As noted above, studies of HLA-B*57:01 testing for abacavir hypersensitivity provide a translational roadmap. These studies routinely incorporated biologic testing that contributed to mechanistic discoveries, collected information used in cost-effectiveness analyses and emphasized pragmatic approaches that could be implemented in diverse settings and populations [7] .
How will precision HIV care affect costs of care?
The importance of cost-effectiveness of precision HIV care was noted above. HLA-B*57:01 testing before prescribing abacavir was shown to be cost-effective in populations with different baseline prevalence rates [7] . Examples of precision population health in HIV include recommending pretreatment HIV resistance testing only when community prevalence of transmitted resistance reaches levels that meet cost-effective levels of quality-adjusted life-years gained [14] , and recent evidence suggesting that pretreatment testing for HIV integrase resistance may never reach cost-effective thresholds [15] .
Where is the public health benefit of precision HIV care? In resource-rich settings, HIV care has been transformed by the introduction of tolerable regimens that are prescribed as early as possible after HIV diagnosis. Beyond individual health outcomes, benefits have included decreased HIV transmission [16] . Targeting scarce public health resources to those at greatest risk will always be necessary. Public health benefits could come from the use of biological (e.g., genetics and biomarkers) or sociobehavioral (e.g., geographic location and social networks) precision HIV care strategies to stratify individuals by their likelihood of benefitting from pre-exposure prophylaxis (PrEP). Cost-effectiveness of PrEP depends heavily on the baseline transmission risk of the population and subsequent medication adherence [17] . Precision HIV care strategies that incorporate these factors to enhance PrEP implementation could have considerable public health impact.
Future challenges for precision HIV care
What are the next questions in precision HIV care? Long-acting ART represents an attractive option for individuals and populations with adherence challenges. Potential risk of toxicity and resistance with prolonged exposure to long-acting drug formulations make a precision approach even more important. Identifying patients at the greatest risk for treatment failure, either due to biologic (e.g., pharmacogenetic variants) or sociobehavorial (e.g., loss to follow-up) factors, may inform the implementation of these drugs. Future interventions that may include effective HIV vaccines and promising cure strategies will also be targets for precision care research.
Conclusion
From its onset, HIV has provided both the imperative for and examples of precision care models that incorporate genetic and ecological information of the virus and host. Translational success stories, such as the discovery of new drug targets and the routine use of pretreatment HLA-B*57:01 screening, are key examples of precision care that will continue to be used as models within and outside the field of HIV for years to come. Over the last 35 years, there has been an evolution from individual precision care to population-based treatment and preventative approaches that have reduced the global burden of HIV. Future strategies will continue to embody precision care approaches aimed at optimizing the care of the PLWH, while at a population level aiming to eradicate new transmission and HIV as a disease.
